Spatially offset Raman spectroscopy (SORS) enables one to distinguish chemical fingerprints of top and subsurface layers. In this paper, we apply SORS to a microfluidic two-layer system consisting of transparent liquid in a microchannel as the surface layer and microfluidic PDMS chip material as the sublayer. By using an imaging spectrograph connected to a microscope, we perform hyperspectral SORS acquisitions. Furthermore, the focus position z is translated. Thus, we combine the two methods of hyperspectral SORS and defocusing micro-SORS, which leads to an integral characterization of the layered system. The collected top and subsurface layers of Raman scattering at the optical axis (zero spatial offset) largely depends on the focus position z. However, the spatially offset Raman scattered intensity from the subsurface layer is constant for a large range of focus positions z. We claim that there is potential for internal referencing and alignment reproducibility. We demonstrate these findings experimentally in a microfluidic scenario where a 16 µm deep channel is filled with an aqueous hemoglobin solution. Our observation enables consistent concentration measurements in small-volume liquid samples.
Introduction
Spatially offset Raman spectroscopy (SORS) enables the chemical distinction of top and subsurface layers in stacked systems. Raman scattered photons are collected at a spatially offset position relative to the position of laser excitation. Raman scattered photons from deeper layers appear as an extended pattern at the surface whereas Raman scattered photons from the top layer are more localized [1] [2] [3] . This allows the exclusive detection of Raman scattered photons from deeper layers at large spatial offsets. The top layer Raman signature can be reobtained by a weighted subtraction of the deeper layer signature [3] . The conventional, fiber-based SORS technique is capable of depth analysis in turbid media at depth of 1-10 mm [4] and micro-SORS enables analysis down to below 100 µm [5] depending on the investigated materials.
SORS has attracted major interest in recent years. Applications include studies on drug detection inside Raman active containers [4] , multi paint layers in art restaurations [6] , wheat seeds [7] , bones [8] , tissue [9] and toxic chemicals inside building materials [10] , for examples. In fiber offset Raman spectroscopy -the most widely applied SORS technique -the Raman excitation fiber and the collection fiber are separated by an adjustable distance on the order of some millimeters. In micro-SORS, the offset Raman signal at the sample surface is collected only some micrometres from the pump beam. The imaging system of the Raman microscope maps this signal onto the imaging CCD camera. Conti et al. [11] and Matousek et al. [5] investigated the effect when defocusing the Raman microscope, thereby enlarging Raman excitation and collection zones on turbid, layered samples. Furthermore, Raman microscopy in combination with an imaging spectrometer and a slit as field aperture enables hyperspectral Raman acquisitions. Such a system can be used for line-scan spatially offset Raman mapping [12] .
In the present study, we combine defocusing micro-SORS and hyperspectral Raman imaging to demonstrate quantitative Raman analysis in microfluidic samples. Raman spectroscopy applied to microfluidics [13] benefits from little sample consumption and convective heat dissipation supporting Raman analysis of liquid biological and biomedical samples as blood and other body fluids. Furthermore, surface-enhanced Raman spectroscopoy (SERS) by means of metallic colloidal solutions finds application in Raman microfluidics as reviewed by Jahn et al [14] . Manipulation schemes of microfluidic flow [15] as well as reduced consumption of both analyte and colloidal nanoparticles are key advantages. On the other hand, linearity and reproducibility are in general limitations in quantitative Raman analysis of liquids. Linearity is undermined by liquid sample absorption [16] . But the problem can be overcome in microfluidics by a short optical interaction length in shallow channels. Reproducibility can be limited by unstable optical alignment or inhomogeneous analyte distribution which occurs in particular in dried samples.
In this manuscript we use a microscope-based hyperspectral spatially offset Raman spectrometer which probes a two-layer microfluidic system. We distinguish the two layers by their Raman signatures: The analyte in the channel is an aqueous hemoglobin solution with clear Resonance Raman scattering in the fingerprint region. The microfluidic chip material is PDMS with another characteristic Raman signature at higher wavenumbers. We perform z-scans of the hyperspectral Raman acquisition and observe the collected Raman scattering both at the position of the laser excitation and at a continuous set of spatially offset positions. We find potential for intensity calibration and alignment correction in microfluidic Raman experiments.
Experimental methods
Microfluidics Aqueous hemoglobin solutions are prepared by diluting lyzed whole blood (SSI Diagnostica A/S, Hillerod, Denmark) with water. All animal procedures are performed in accordance with the EU-directive on the protection of animals used for scientific purposes as well as the Danish order regarding animal experimentation, and approved by the Danish Veterinary and Food Administration. In advance, hemoglobin concentrations in undiluted whole blood are determined with a blood-gas analyzer (ABL-90, Radiometer Medical Aps, Copenhagen, Denmark) to be 130 g/l. Final hemoglobin concentrations span the range 0-3.5 g/l.
We fabricate rectangular microfluidic channels of 100 µm in width, 16 µm in height and 9 mm in length in polydimethylsiloxane (PDMS). The silicon master is manufactured by UV-lithography and Deep Reactive Ion Etching. After PDMS casting and 3 hours of curing at 75 degrees, fluidic inlet and outlet are introduced with a biopsy punch into PDMS. Oxygen plasma enables consistent bonding to a glass slide. The liquid sample is placed in the inlet reservoir. An underpressure of 1-10 mbar applied to the outlet achieves constant flow for up to several hours.
Raman equipment
The microfluidic PDMS chip is mounted on the translation stage of an inverted microscope (Nikon-Ti, Shinagawa, Japan) with a 60x air objective (NA 0.85, WD 300 µm). The optical setup is shown in Fig. 1(a) . All axes of the motorized stage can be adjusted with 0.1 µm accuracy. For Raman excitation, a collimated beam from a diode laser at 406 nm (Toptica, Munich, Germany) is coupled into the microscope and focused by the objective to a small spot in the field of view. The laser power at the sample is 1.6 mW. The sidebands of the diode laser are filtered by an appropriate insertable laser line filter.
The field of view is imaged by a Shamrock 303i imaging spectrometer, equipped with a Newton 920 deep-cooled back-illuminated CCD camera (Andor Technology, Belfast, Northern Ireland). The position of the focused laser spot in the field of view is adjusted such that it enters the spectrometer through the insertable 100 µm entrance slit.
A Notch filter (NF405-13, Thorlabs) allows only inelastically scattered intensity to enter the spectrometer. The spectrometer grating (1200 lines/mm) achieves a horizontal spectral distribution of focused Raman intensity onto the CCD camera. However, different vertical positions on the CCD camera report Raman scattering at different spatial positions y along the spectrometer slit in the field of view. These positions y are spatially offset from the laser excitation which is at y = 0 µm. Spatially offset Raman intensity reports scattering from sample volume that is not in focus with the image plane of the microscope.
In our study, we evaluate the spectrometer CCD images with spectral dispersion in one dimension and the spatial coordinate in the other dimension. The spatial selection in the image plane is made by the spectrometer entrance slit. Our optical detection setup is identical to a line-scan Raman spectrometer [17] .
Results and discussion
The microfluidic system is illustrated in Figs. 1(b-c) . Raman interaction volumes are differently sized: While Raman scattering from hemoglobin is localized (blue), Raman scattering from the PDMS chip (green) extents far more. In particular, the lateral extent of Raman scattering is different, as shown in microscope images with the focus onto the bottom of the microfluidic channel in Figs. 1(d-e ).
The overall Raman response is characterized by two distinct signatures as presented in Fig.  2(a) . The Resonant Raman spectrum of hemoglobin [18] has a very dominant peak at about 1375 cm −1 . In contrast, the PDMS Raman spectrum [19] has a strong peak at about 2920 cm −1 . We find both signatures in horizontal orientation in the hyperspectral Raman acquisition of Fig. 2(b) .
Raman intensity at small spatial offsets incorporates the hemoglobin signature from the channel. At larger offsets Raman scattering from the channel is suppressed and only the PDMS signature from larger depth is present. Figure 2 (c) shows horizontal cross-sectional Raman spectra derived from Fig. 2(b) at the offsets y = 0 µm and y = 20 µm.
We also derive Raman intensity profiles at fixed wavenumbers, as function of the spatial offset coordinate. Here, the hemoglobin signal (1375 cm −1 in blue) decays strongly towards larger spatial offset with respect to the excitation at y = 0 µm. The PDMS signal (2920 cm −1 in green) appears defocused and its intensity decreases only weakly towards larger spatial offset. Thus, PDMS Raman intensity is also present at large spatial offsets. We would like to emphasize that these findings are consistent with the illustration in Figs. 1(d-e ): The collected scattered intensity in the vertical y coordinate is very localized regarding scattering from the channel, whereas the collected out-of-focus scattering from the PDMS material is laterally extended in the image plane. Figure 3 shows spatially offset hyperspectral CCD acquisitions for three different focus positions z as depicted in the diagrams on the left, respectively. At each focus position z the collection optics are in focus with a specific plane of the layered stack. When the focus z is adjusted to be inside the channel, we detect in-focus Raman scattering from the channel and out-of-focus Raman scattering from the PDMS material. As soon as the focus z moves from the channel into the PDMS material, the Raman scattering from the channel is out of focus and Raman scattering from PDMS is in focus. In practice, these transitions are not sharp due to a non-zero depth of field of the microscope objective.
When the focus z is at the bottom of the channel in Fig. 3(a) , we see a moderate hemoglobin Raman intensity and a weak in-focus PDMS Raman intensity. As z is moved upwards, the hemoglobin intensity has a maximum for z being at the channel center. At the same time, the in-focus PDMS intensity increases monotonically as z is moved towards the channel-PDMS interface.
However, the spatially offset PDMS Raman intensity is constant at all three positions z that are shown in Fig. 3 . This intensity reports Raman scattering in PDMS of larger depth. The mean-free path length of photons in transparent PDMS is long so that a loss of memory happens regarding the location where the initial laser photon entered. Thus, the spatially offset PMDS Raman intensity appears as a constant background which does not change due to a few micrometer variation of the focus position z. Figure 4 (a) underlines this finding by comparing PDMS Raman intensity profiles at various focus positions z. There are large deviations in PDMS Raman intensity at zero spatial offset y = 0 µm . Nevertheless, PDMS Raman intensity is constant at large spatial offsets for all measured focus positions z. Figure 4(b) shows the PDMS Raman intensity at y = 40 µm (light grey) for all samples of this study. It is basically constant for all alignments and can serve as internal intensity reference allowing quantitative measurements independent of laser power. Nevertheless, there are variations both in the extracted PDMS offset and the non-offset intensity as depicted in Fig. 4(b) . This can have different reasons: laser power fluctuactions, analyte absorption and alignment uncertainties. In order to overcome all three obstacles, we propose to use the ratio P in Eq. (1), which compares non-offset to offset PDMS Raman intensity.
Due to the simultaneous measurement of both intensities, the ratio P is independent of laser power fluctuactions. Furthermore, it is independent of analyte absorption as both intensities propagate through the channel and are consequently multiplied by the same absorption factor. Last but not least, we claim that the ratio P is a good calibration measure for the optical alignment of the focus position z in the microfluidic channel. An alignment in this manner is advantageous compared to maximising the analyte Raman response. Figure 5 (a) plots the peak Raman intensity at 1375 cm −1 from an aqueous 1 g/l hemoglobin solution as a function of the focus position z which is moved across the microfluidic channel. One can clearly observe the alignment uncertainty in terms of z. In this protocol, we maximize the Raman peak intensity of hemoglobin, followed by a scan of z positions. The limited reproducibility of this optimization protocol can be explained by the flatness of the function for optimization, shown in Fig. 5(a) . Furthermore, laser power and detected Raman peak count fluctuations make it difficult to find the precise maximum. Minor alignment drift of the flexible microfluidic chip with respect to the microscope objective during each z-scan leads to Raman peak intensity profiles of slightly varying shape.
In order to perform reproducible concentration measurements of the analyte in the microfluidic channel, it is essential always to align the optical system to the same z position. The highest sensitivity and the smallest errorbars can be achieved by a reproducible alignment in the middle of the channel. While the hemoglobin Raman peak intensity is flat in the vicinity of the maximum in the middle of the channel, the ratio P -as shown in Fig. 5(b) -is monotonically increasing as z is moved across the channel. Thus, a specific ratio P is unique for a specific z position, irrespective of analyte concentration. Therefore, P is a sensitive internal Raman measure which can be used for reproducible and precise optical alignment.
The PDMS Raman ratio P reports the alignment of the microfluidic chip with respect to the microscope. In Figs. 5(c-d) we demonstrate that the adjustment to a specific PDMS Raman ratio P is very reproducible in quantitative Raman experiments: For each of five different hemoglobin concentrations in the microfluidic channel, we move z to achieve a specific value of P. We then extract the respective Raman peak intensity at 1375 cm −1 and plot it as a function of hemoglobin concentration. The performed fit to a linear model is illustrated in Fig. 5 (c) for P = 5. We use the Matlab routine fitlm [20] which outputs the fitted slope and its standard error. At various discrete values of P we perform sets of five concentration measurements, respectively. The sensitivity (slope) is the highest in the middle of the channel. The uncertainty (standard error) is the smallest where P(z) has the greatest steepness. Beyond very good linearity and reproducibility, this alignment protocol has several strong points compared to an alignment protocol where the Raman peak intensity of hemoglobin would be maximized for each sample to reproduce a position z. As already mentioned, P is power independent as well as absorption independent and an internal measure for a specific objective-to-chip alignment. As P is measured simultaneously in the multispectral acquisition, there is potential for drift compensation, for example in a fixed Raman system or a Raman system without translation stage. The analyte intensity change due to drift can be corrected for by means of a calibrated model after data acquisition. As another advantage, the alignment can be done before the analyte arrives in the channel. Thus, there is no need for a long optimization on a sensitive analyte which could cause quenched Raman emission or could damage the analyte in other ways. With the proposed protocol, it is also possible to adjust to other z positions than the one where analyte Raman collection is maximized. This can be beneficial for example in the case of absorbing liquids or deep channels where alignment to the channel bottom is eventually of advantage.
Conclusion
In this study we combine SORS with microfluidics. We probe a two-layer system consisting of a 16 µm high microfluidic channel and extended PDMS chip material. The imaging spectrograph in connection with the optical microscope allows hyperspectral Raman acquisitions where Raman spectra are taken simultaneously along a continuum of spatial offsets with respect to the position of laser excitation. The Raman signatures of the two layers are easily distinguished as they are sufficiently separated in terms of their wavenumber. We investigate the different Raman contributions both spatially and spectrally for various positions z, the focus of the objective.
By extracting information from the spatially offset profile of the most dominant Raman line of PDMS in a z-scan, we find that the out-of-focus scattering results in a z-independent spatially offset PDMS intensity. This is an absolute reference for Raman intensity and thus very valuable in quantitative Raman experiments. Furthermore, we find an internal reference measure for reproducible z alignment -the PDMS Raman ratio P(z) -which is independent of laser power and analyte absorption. In general, P(z) is not universal because it depends on channel depth, the depth of field of the microscope objective and the Raman microscope. However, this allows to adjust the characteristics of P(z) for a specific need. In particular, one can establish a specific steepness of the PDMS Raman ratio P(z) by modifying the channel depth and the depth of field of the microscope objective.
Through alignment to a specific P(z), we demonstrate very consistent results for Raman concentration measurements of hemoglobin in aqueous solution. As the collected Raman intensity from the analyte in the channel strongly depends on the z position, it is important to reproduce the same z in a set of quantitative measurements. Alignment drift -in particular when liquid sample is exchanged -requires constant monitoring and control of the chip-to-objective distance. We argue that it is favorable to align to a specific value P(z), rather than to optimize the analyte Raman collection. In contrast to the optimization protocol, our protocol allows the reproducible alignment to any focus position z which can be chosen such that it is most appropriate for the specific type of microfluidic Raman experiment.
